The 82F Late Puff Contains the L82 Gene, an Essential Member of a Novel Gene Family  by Stowers, R.Steven et al.
KM
l
c
w
g
o
9
g
Developmental Biology 213, 116–130 (1999)
Article ID dbio.1999.9358, available online at http://www.idealibrary.com onThe 82F Late Puff Contains the L82 Gene, an
Essential Member of a Novel Gene Family
R. Steven Stowers,*,1 Steven Russell,† and Dan Garza‡,2
*Department of Biochemistry, Stanford University School of Medicine, Stanford, California
94305; †Department of Genetics, University of Cambridge, Cambridge CB2 3EH, United
ingdom; and ‡Department of Biology, Florida State University, Tallahassee, Florida 32306
etamorphosis in Drosophila results from a hierarchy of ecdysone-induced gene expression initiated at the end of the third
arval instar. A now classical model of this hierarchy was proposed based on observations of the activity of polytene
hromosome “puffs” which distinguished “early” puffs as those directly induced by ecdysone and “late” puffs as those
hich become active as a secondary response to the hormone. We report here the isolation and characterization of the L82
ene corresponding to the extensively characterized late puff at 82F. L82 is a complex gene that spans at least 50 kb of
genomic DNA, produces at least seven different nested mRNAs, and has homology to a novel gene family. In contrast to
most previously characterized puff genes, the broad developmental expression pattern of L82 suggests that it is controlled
by both ecdysone-dependent and ecdysone-independent regulatory mechanisms. L82 mutations were identified by transgene
rescue of developmental delay and eclosion lethal phenotypes. © 1999 Academic PressKey Words: Drosophila; ecdysone; metamorphosis; late puff.
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The development of Drosophila is punctuated by a series
of transient increases in the titer of the steroid hormone
20-hydroxyecdysone (hereafter referred to as ecdysone).
These ecdysone pulses mediate specific developmental
events, including each of the larval molts and the larval-to-
adult metamorphosis. During metamorphosis, different tis-
sue types respond to this single hormonal signal in distinct
ways. Strictly larval tissues, like the larval salivary gland
and larval gut, undergo histolysis, a process that includes
programmed cell death, tissue degeneration, and ultimately
elimination. In contrast, imaginal tissue responses to ecdy-
sone vary and include proliferation, morphogenesis, and
differentiation. For instance, imaginal tissues that have
been proliferating during larval development, like imaginal
discs, cease most cell divisions in response to ecdysone and
undergo morphogenesis and differentiation to generate
adult structures such as the legs, wings, and eyes (Fristrom
and Fristrom, 1993). Other imaginal tissues, like the gut
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116maginal ring and abdominal histoblasts, that were mitoti-
ally quiescent during larval development, proliferate rap-
dly in response to the metamorphic ecdysone pulse to give
ise to the adult gut and abdomen, respectively (Roseland
nd Schneiderman, 1979).
Underlying these different developmental responses are
oordinate changes in gene expression. In Dipterans,
cdysone-induced gene expression can be observed as re-
ions of chromosomal decondensation, or puffs, that form
t specific cytological locations on the salivary gland poly-
ene chromosomes (Clever and Karlson, 1960; Ashburner,
967). In Drosophila melanogaster, about six “early” puffs
re rapidly induced in response to the rising ecdysone titer
t the end of the late third instar larval stage. The regression
f the early puffs is followed by the formation of more than
00 heterogeneous “late” puffs.
Elegant experimental analysis of temporal changes in puff
ctivity occurring in response to ecdysone under a variety of
xperimental conditions led to the formulation of a hierar-
hical model for the genetic control of puff activity in the
arval salivary gland (Ashburner, 1974). According to this
odel, ecdysone, acting through an ecdysone receptor,
irectly activates the early puffs and represses most of the
ate puffs. The early puffs were proposed to contain genes
ncoding regulatory proteins one or more of which re-
0012-1606/99 $30.00
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expression of the late genes. These are secondary responses
to ecdysone. The late genes were proposed to encode
effectors of the ecdysone response, the gene products di-
rectly required to mediate the cellular processes involved in
metamorphosis. The late puffs could be further subdivided
into the early–late puffs, whose activation occurs earlier in
the puff response and requires ecdysone, and the late–late
puffs, whose activation occurs later in the puff response and
is repressed by ecdysone.
Molecular and genetic analysis of genes in the ecdysone
genetic regulatory hierarchy has largely confirmed the Ash-
burner model in the salivary gland (see Russell and Ash-
burner, 1996, for a recent review). Key observations in
support of the model include: (1) three of four cloned early
genes encode transcription factors (Burtis et al., 1990;
egraves and Hogness, 1990; Di Bello et al., 1991; Andres
and Thummel, 1995); (2) puff activity is altered in animals
mutant for these early genes (Belyaeva et al., 1981; Walker
and Ashburner, 1981; von Kalm et al., 1994; Fletcher et al.,
1995); (3) the ecdysone receptor, EcR, and a number of early
gene proteins have been shown to preferentially bind to
polytene chromosomes at puff sites (Yao et al, 1993; Urness
and Thummel, 1990; Hill et al., 1993); and (4) early gene
proteins have been shown to regulate transcription of late
genes (Fletcher and Thummel, 1995; Urness and Thummel,
1995; Crossgrove et al., 1996).
An extension of the Ashburner model, the tissue coordi-
nation model, proposes that ecdysone regulatory hierar-
chies, similar to that found in the salivary gland, exist in
other ecdysone target tissues (Thummel et al., 1990). The
existence of similar hierarchies in other tissues was sug-
gested by analysis of puffing in the fat body, where a
similar, though distinct, puffing cycle was observed (Rich-
ards, 1982). Differential expression of Broad-Complex and
EcR isoforms in different tissues during metamorphosis
(Emery et al., 1994; Bayer et al., 1996, 1997); expression data
showing that tissue-specific transcription of ecdysone-
regulated genes is eliminated or delayed in mutants lacking
particular early gene functions (Guay and Guild, 1991;
Karim et al., 1993; Dubrovsky et al., 1994; Fletcher and
Thummel, 1995); and the tissue-specific phenotypes ob-
served in isoform-specific EcR mutants (Bender et al., 1997;
Schubiger et al., 1998), all provide support for the tissue
coordination model.
As outlined above, most recent studies of the metamor-
phic ecdysone response in D. melanogaster have focused on
the regulatory genes at the top of the ecdysone hierarchy.
Comparatively little is known about the late puffs and the
genes they encode. Genes corresponding to the late puffs are
expected to be the primary targets of the transcriptional
regulators encoded by the early and early–late genes and
their study should therefore provide important insights into
the complex regulatory phenomena observed in the classi-
cal puffing experiments. Further, these genes are predicted
to encode effector molecules that play direct roles during
metamorphosis, so that their study should help link tran-
Copyright © 1999 by Academic Press. All rightscriptional regulation to the effector molecules that execute
the cellular processes which underlie diverse developmen-
tal programs. Only the 71E late puff has been previously
characterized in detail, and it was found to contain a cluster
of genes expressed exclusively in the salivary gland (Restifo
and Guild, 1986; Wright et al., 1996). These genes appear to
encode antimicrobial peptides which presumably protect
the vulnerable metamorphosing tissues from attack by
microorganisms. The study of L71 gene regulation has
provided the best evidence to date for direct regulation of
late genes by early gene products (Fletcher and Thummel,
1995; Crossgrove et al., 1996). However, neither the 71E
puff nor the 4F puff (the only other late puff whose corre-
sponding gene has been identified, Wolfner, 1980) was
among the classic late–late puffs studied in detail and
whose induction was shown to involve both repression
mediated by ecdysone and activation mediated by early
gene products (Ashburner, 1974, 1976).
In order to better understand the complex regulatory
phenomena observed in the classical puffing studies and the
role of downstream genes in executing developmental ec-
dysone responses, we have identified and characterized the
genes corresponding to the two classical late–late puffs
most extensively characterized by Ashburner and col-
leagues: the 63E and 82F late–late puffs. We report here our
initial molecular and genetic characterization of the L82
gene contained within the 82F late–late puff.
MATERIALS AND METHODS
Northern Blot Hybridization
RNA for Northern analysis was purified as described (Thummel
et al., 1990). Purified RNA was fractionated by formaldehyde
agarose gel electrophoresis, transferred to Hybond N1 membranes,
nd hybridized as described (Karim and Thummel, 1991). The probe
sed for the Northern blots shown here was a 1.5-kb NruI/XhoI
DNA fragment containing sequences from L82 common exons
17–19. The rp49 gene used as a loading control is described in
O’Connell and Rosbash (1984). Yeast artificial chromosome isola-
tion was performed as described (Garza et al., 1989). All other
methods for purifying and manipulating DNA and RNA were
essentially as described (Sambrook et al., 1989).
cDNA Libraries
L82 cDNAs identified by cDNA library hybridization screening
were isolated in approximately equal numbers from a 0- to 2-h
white prepupae (wpp) library, an 8- a 12-h wpp library, or an
ecdysone/cycloheximide library (a gift of Carl Thummel). The
Canton-S strain of D. melanogaster was used as the source strain
for the construction of the wpp 0- to 2-h and wpp 8- to 12-h cDNA
libraries. Briefly, animals were collected at the white prepupal
stage and aged either 0–2 or 8–12 h at 25°C prior to poly(A)1
mRNA isolation. cDNA was prepared with a ZAP-cDNA kit and
inserted into the Uni-ZAP vector as per the manufacturer’s instruc-
tions (Stratagene, La Jolla, CA). Late third instar larval and 0- to
12-h prepupal random primed cDNA libraries were generously
provided by Patrick Hurban (unpublished).
s of reproduction in any form reserved.
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118 Stowers, Russell, and GarzaNested PCR Screening of cDNA Libraries
To isolate cDNA fragments corresponding to the unique regions
of the L82B and L82C mRNAs, an antisense oligonucleotide (82F
20) complementary to exon 10 was used in combination with an
ligonucleotide (RevP8) complementary to the long arm of the
ambda vector in a first round PCR reaction using the random
rimed late third instar larval library as a template. A typical 50-ml
first round PCR reaction consisted of 1 ml phage library stock (;107
plaque forming units), 5 ml 103 PCR buffer (Perkin Elmer), 5 ml 4
M dNTPs (1 mM each dCTP, dGTP, dATP, dTTP), 3 ml 25 mM
MgCl2, 0.3 ml RevP8 (10 pmol/ml), 3 ml 82F P20 (10 pmol/ml), 0.25
ml Taq polymerase (Perkin Elmer, 5 U/ml), and 33ml H2O. This
eaction mix was subjected to the following protocol: 2 min at 93°C
ollowed by 20 cycles of 93°C 50 s, 62°C 45 s, 72°C 1 min, followed
y 10 min at 72°C and a hold at 4°C. Second round PCR reactions
ere the same as the first round PCR reactions except 2 ml of the
antisense oligonucleotide 82F P21 (10 pmol/ml) was used in place of
2F P20, 1 ml of T3P8 (10 pmol/ml) was used in place of RevP8, 1 ml
of the first round PCR reaction was used as template instead of 1 ml
of phage library stock, and 30 rounds of cycling were performed
instead of 20. Second round PCR reactions were radiolabeled and
hybridized to Southern blots of restriction digests of the genomic
phage containing, or distal to, the antisense primers. To isolate the
unique cDNA fragments, the genomic restriction fragments that do
not contain exons of the L82A cDNA but which did show hybrid-
ization signal with the second round PCR reactions were used as
hybridization probes against plasmid minilibraries constructed by
subcloning the second round PCR reactions into the EcoRV/NotI
sites of pBluescript KS1. A similar strategy was used to identify the
unique regions of L82D-G cDNAs except that the antisense oligo-
ucleotides complementary to exon 16, 82F P17 and 82F P23, were
sed for the first and second round PCR reactions, respectively, and
he wpp 0- 12-h cDNA library was used as the template in the first
ound PCR reaction.
Oligonucleotides
Oligonucleotides used were 82F P17, 59-GACCAGGAG-
TATCCCTCGGCTC-39; 82F P20, 59-GCGCACATTGATCTT-
GAGGAAC-39; 82F P21, 59-TCGCTGACGTTGGGATCGAAC-
39; 82F P23, 59-CGGCAGATGTGAACAGAGCTTC-39; RevP8,
59-CACACAGGAAACAGCTATGACCATG-39; and T3P8, 59-
AGCTCGAAATTAACCCTCACTAAAG-39.
Polytene Chromosome in Situ Hybridizations
Polytene chromosome in situ hybridizations were performed as
described (Langer-Safer et al., 1982).
P-element Transformation
P-element-mediated germline transformation of Drosophila was
performed as described (Rubin and Spradling, 1982). The plasmid
pSS308 contains the entire open reading frame of the L82A cDNA
and was used to generate the HS L82A fly strain used in the mutant
escue experiments.
Mutant Rescue ExperimentsThe rescue experiments were performed by making 24-h embryo
collections in vials, removing the adult flies, and placing the vials
Copyright © 1999 by Academic Press. All rightin a circulating water bath whose water temperature was main-
tained at 25°C by a circulating water heater. Every 12 h, a second
circulating water heater in the water bath under the control of an
automatic timer heated the water to 37°C for 30 h. The water bath
was kept in a cold room to facilitate rapid return of the water
temperature to 25°C after the 37°C heat shocks. Vials were left in
the water bath until adults started to eclose after which time adults
were scored on a daily basis until all adults had eclosed.
Plasmid Subclones
pSS306 contains a full-length L82A cDNA inserted into the
EcoRI/XhoI sites of pBluescript SK2 and was constructed by
ubcloning a 2.7-kb EcoRI/EcoRV fragment from an L82A cDNA
erived from the ecdysone/cycloheximide library into the EcoRI/
coRV sites of an L82 cDNA derived from the wpp 0- to 2-h cDNA
ibrary. pSS307 was constructed by inserting the 5.2-kb SmaI/ApaI
ragment of pSS306 into pBluescript KS1 Asp 718-blunt/ApaI. The
SL82A transformation construct, pSS308, was constructed by
ubcloning the 4.8-kb HpaI/NotI fragment of pSS307 into the
paI/NotI site of pCaSpeR-hs (Thummel et al., 1988).
Fly Stocks
Fly cultures and crosses were carried out under standard condi-
tions (Ashburner, 1989). The X-ray-induced 82Fd1, 82Fd2, 82Fd4,
82Fd5, 82Fd7, and 82Fd8 alleles were obtained from A. Carpenter
1999), as was Df(3R)3-4 which removes the 82F puff. The 82Fd3
and 82Fd6 alleles were also included in some of the analysis
presented here, but because these alleles did not show the same
lethal phase as originally described, results with these alleles were
not included. Characterized rearrangements were 82 d12T3p(;Y)
82F3-82F11;98F8-98F14, 82Fd4-T(2;3) 42E3-42E7;82F5-82F7, and
2Fd7-Tp(3;3) 82F5-82F7;92D1-92D2 (Carpenter, 1999). The
f(3R)3-4 HSL82A chromosome was constructed by recombining a
hird chromosome insertion of HS L82A onto Df(3R)3-4.
Developmental Staging of Larvae
Developmental staging of third instar larvae was performed as
described (Andres and Thummel, 1994). Briefly, larvae were cul-
tured on standard media containing 0.05% bromophenol blue and
staged based on the disappearance of dye from their guts.
Characterization of Developmental Delay
For quantitating the developmental delay in the 82Fd mutants,
0- 24-h embryo collections of the cross 82Fdn red e/TM3 X
f(3R)3-4 red e/TM3 were made on grape agar caps. These caps
ere supplied with abundant quantities of yeast for the following
8 h after which time mutant animals of genotype 82Fdn red
/Df(3R)3-4 red e, selected by the red larval marker, were placed in
fresh vials to develop without competition from their heterozygous
siblings
RESULTS
Molecular Cloning of the 82F Puff LocusOur strategy for cloning the gene corresponding to the
82F puff was to isolate DNA spanning the 82F puff
s of reproduction in any form reserved.
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use expression, genetic and/or cytological criteria to
distinguish between candidate genes. A yeast artificial
chromosome spanning the 82F puff region (YAC 710,
Garza et al., 1989) was used as a hybridization probe to
identify genomic phage clones and a minimal 20-phage
contig covering YAC DY710 was established. To deter-
mine if this genomic phage contig spanned the 82F puff
region, we simultaneously hybridized the end phage of
the contig to salivary gland polytene chromosomes from
prepupal animals in which the 82F puff was active (Fig.
1). The entire chromosomal region which decondenses
when the 82F puff is active lies between the end phage
and is thus contained within in the cloned DNA.
Reverse Northern Analysis Identifies Candidate
Transcription Units
Since the 82F puff is active in wpp but not in late third
instar larvae, we used a differential cDNA hybridization
strategy to identify candidate ecdysone regulated genes
within the cloned DNA. Duplicate Southern blots con-
taining restriction digests of phage from the contig were
prepared and separately hybridized with probes synthe-
sized from poly(A)1 mRNA from wandering larvae and
pp. This approach identified several restriction frag-
ents, mapping over a 50-kb region, which preferentially
ybridized to probes generated from wpp poly(A)1 mRNA
(Fig. 2). On Northern blots of mRNA from wandering
larvae and wpp, each of these genomic restriction frag-
ments detected a 5.2-kb transcript that showed higher
expression levels at the wpp stage (data not shown). In
addition, the more proximally located restriction frag-
FIG. 1. In situ hybridization of biotinylated DNA probes, derived
from the end phage of the 82F region genomic contig, to salivary
gland polytene chromosomes of a white prepupal animal. An active
82F puff lies between the hybridization signals of the probes (8201
and 8220, Fig. 2) demonstrating that the ;200 kb contained in the
82F1–82F11 region contig spans the 82F puff.ments recognized at least five other distinct transcripts
ranging in size from 1.8 to 4.5 kb (Fig. 3A). These results
Copyright © 1999 by Academic Press. All rightsuggested that the identified gene is large and transcrip-
tionally complex.
The temporal profile of the 5.2-kb transcript is similar to
the observed induction of the 82F puff suggesting that it
corresponds to the ecdysone-induced gene in this region. To
further test this hypothesis, Northern analysis was per-
formed using mRNA isolated from animals at developmen-
tal stages before, during, and after the time when the 82F
puff is active in vivo. Both the 4.5- and the 5.2-kb tran-
scripts show induction at the wpp stage, coincident with
the activity of the 82F puff (Figs. 3B and 3C). The cytologi-
cal and transcriptional analysis, as well as data presented
below, suggest that the transcripts we have identified
correspond to products from the 82F puff, and we hereafter
refer to the cloned gene as L82 (late puff gene at 82F).
L82 Produces Seven Distinct mRNAs
To identify cDNAs corresponding to the L82 transcripts,
we screened cDNA libraries with restriction fragments that
recognized all six transcripts. cDNAs isolated in this initial
round of screening were then used as hybridization probes
in subsequent rounds of screening. In total, approximately
100 cDNA clones were analyzed by hybridization, restric-
tion analysis, and partial sequencing. All of the cDNAs
share a common core and vary in their 59 and 39 extensions.
4.2-kb cDNA that extended the furthest 59 and a 3.5-kb
DNA that was complete at the 39 end were sequenced on
both strands and found to overlap by 2.5 kb. The unique
sequence represented by these two cDNAs was thus 5.2 kb,
the same size as the most prominent mRNA observed on
the Northern blots. The expectation that a composite
5.2-kb cDNA containing these unique sequences corre-
sponds to the 5.2-kb mRNA was strongly supported by a
Northern blot in which a probe using the 59-most 1 kb of
this sequence hybridized exclusively to the 5.2-kb tran-
script (data not shown).
In an effort to recover cDNAs corresponding to the other
transcripts, Northern analysis was performed with 12
EcoRI/SalI genomic restriction fragments which hybridize
to the 5.2-kb L82 mRNA. Based on these results, antisense
oligonucleotides were synthesized to regions likely to be
common between the 5.2-kb mRNA and the other mRNAs,
but near the predicted point of divergence and used in a
PCR based screen of late larval and white prepupal random
primed cDNA libraries (see Materials and Methods). Six
novel L82 cDNA variants were recovered and their unique
regions were sequenced. Northern analysis using unique
cDNA sequences from two of these cDNAs revealed spe-
cific hybridization to either the 4.5- or the 4.0-kb tran-
scripts. The combined length of the 4.5- and 4.0-kb-specific
sequences with common region sequences is 4.3 and 3.8,
respectively, strongly suggesting that these cDNAs corre-
spond to the 4.5- and 4.0-kb mRNAs expressed in vivo (data
not shown). The assignment of the other L82 mRNAs to
specific transcript sizes is based on total cDNA size and is
thus tentative.
s of reproduction in any form reserved.
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120 Stowers, Russell, and GarzaMapping of the genomic structure of all seven cDNAs by
hybridization, restriction analysis, and sequencing of the
intron/exon boundaries revealed the gene structure map
shown in Fig. 2. Primer extension and RNase protection
analysis determined the transcription start site of the L82A
mRNA (data not shown). Transcription start sites shown
for L82 mRNAs B–G are tentative. All seven L82 mRNAs
contain in-frame stop codons 59of their respective open
FIG. 2. The structure of the L82 gene. The approximate overlap b
he top. Phage 8201 is closest to the centromere. The contig spans t
82 exon-containing phage from the genomic contig has been expan
f all seven L82 mRNAs are shown in the middle of the diagram. P
ndicated by arrows. Open rectangles indicate the L82 ORF. The L8
he size of each L82 mRNA is indicated at the left of the diagram
orthern blots to the indicated transcript sizes (data not shown) w
DNA size. Restriction sites are shown below the L82 exons. The l
he restriction map.reading frames. This indicates that none of them are miss-
ing any protein coding sequences.
Copyright © 1999 by Academic Press. All rightThe L82 Proteins Are Members of a Novel Gene
Family
Conceptual translation of the seven L82 mRNAs predicts
AUG-initiated ORFs of 1270, 1025, 870, 267, 213, 220, and
192 amino acids (Fig. 4). Except for L82G which apparently
uses an in-frame AUG in exon 16, all L82 proteins are
predicted to have unique amino-terminal regions which
en the 20 genomic phage which constitute the contig is shown at
gion 82F1–11 and contains approximately 200 kb of genomic DNA.
directly below the entire contig. The relative location of the exons
ted ATG start codons for each mRNA and the TAA stop codon are
on sizes are shown at twice the scale indicated at the bottom left.
L82A, L82B, and L82C mRNAs showed specific hybridization on
the L82D, L82E, L82F, and L82G mRNA sizes are inferred from
ons of RFLPs in the indicated 82Fd mutant alleles is shown belowetwe
he re
ded
redic
2 ex
. The
hilevary from 11 to 257 amino acids. Contiguous with the
unique amino-terminal regions of L82A and L82B is a 59
s of reproduction in any form reserved.
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121The 82F Late Puff Geneamino acid region which is common to only these two
isoforms. Carboxy-terminal to this region are 692 amino
acids common to the L82A, B, and C isoforms. Finally,
there is a 195 amino acid carboxy-terminal core which is
common to all L82 isoforms (again, except for L82G which
is predicted to be missing the first three of these amino
acids). Database searches using the entire open reading
frames of all seven L82 protein isoforms revealed two
regions showing significant sequence homology to other
known or predicted proteins. The first of these regions,
corresponding to amino acids 329–370 of L82A, and also
contained in L82B, shows homology to a predicted protein
from Caenorhabditis elegans (F52E1.13a) and a class of
ecreted bacterial proteins involved in the invasion of
ukaryotic cells (Fig. 4B; Bubert et al., 1992; Schramm et al.,
996; Chu et al., 1992). The second region of L82 that shows
omology to other proteins is a 146 amino acid region
ithin the C-terminal common domain. This region shows
omology to ORFs from worm and yeast (Fig. 4C). L82
hows highest identity (51%) over this region to the same
FIG. 3. Expression of the L82 gene. (A) Northern analysis of poly
region cDNA probe identifies six different transcripts each of whi
although readily visible here, are difficult to visualize in the subse
(B) Northern blot of total RNA isolated from whole animals at the in
cDNA probe and an rp49 control probe. Each of the six L82 transcr
The rp49 signal is at the bottom. The 5.2- and 4.5-kb L82 mRNAs
f the 82F puff. (C) Temporal activity of the 82F puff (data from A. elegans F52E1.13a protein above as well as to an alter-
atively spliced version, F52E1.13b, that also contains this
4
k
Copyright © 1999 by Academic Press. All rightegion. L82 shows lower identity over this region to Sac-
haromyces cerevisiae (39%) and Schizosaccharomyces
ombe (31%) predicted proteins. The homology of the L82
ommon region to proteins of evolutionarily distant species
ombined with the fact that that all L82 protein isoforms
ontain this region suggests that this is an important
unctional domain of the protein. Since the L82-related
east and worm sequences were identified through genome
equencing projects there are, as yet, no data on the func-
ion of these proteins. Analysis of the entire L82A protein
y the motif identifier programs Emotif and PROSITE failed
o identify a transmembrane or any other domain for which
function would be predicted.
Developmental Expression of L82 mRNA
The temporal expression pattern of the L82 mRNAs was
etermined by hybridizing a developmental Northern blot
ith a common region probe (Fig. 5). At least six distinct
82 transcripts were detected: 5.2 kb (L82A), 4.5 kb (L82B),
mRNA from white prepupal animals hybridized with a common
marked by an arrow. The three lower molecular weight mRNAs,
t total RNA Northern blots due to their comigration with rRNA.
ed developmental stages cohybridized with an L82 common region
that hybridize to the L82 cDNA probe is indicated with an arrow.
significant increases in expression coincident with the induction
rner, 1967).(A)1
ch is
quen
dicat
ipts.0 kb (L82C), 2.4 kb (L82D and L82E), 2.0 kb (L82F), and 1.8
b (L82G). L82A is expressed at a constant level throughout
s of reproduction in any form reserved.
122 Stowers, Russell, and GarzaFIG. 4. Predicted L82 protein isoforms. (A) The predicted L82 protein products from the seven known L82 mRNAs are shown. The L82
protein/mRNA name is indicated at the left. The sizes of the corresponding L82 mRNAs are in parentheses. The predicted molecular
weights are shown at the right. The regions of L82 proteins that show homology to known proteins is indicated at the bottom. The GenBank
accession numbers for the L82 cDNAs are L82A, AF125384; L82B, AF125385; L82C, AF125386; L82D, AF125387; L82E, AF125388; L82F,
AF125389; and L82G, AF125390. (B) Alignment of L82A amino acids 329–370 with related proteins from C. elegans (F52E1.13a, C. elegans
genome database, 836 amino acids, amino acids 24–65 shown), Listeria grayi (Bubert et al., 1992; SWISS-PROT, P60_LISGR; 511 amino
acids, amino acids 30–71 shown), Escherichia coli (Kajie et al., 1991; SWISS-PROT, MLTD_ECOLI; 454 amino acids, amino acids 343–384
shown), and Enterococcus hirae (Chu et al., 1992; SWISS-PROT, locus ALYS_ENTHR; 666 amino acids, amino acids 257–298 shown). (C)
Alignment of L82 common amino acids (amino acids 1109–1254 of L82A isoform shown) with related predicted proteins from C. elegans
(F52E1.13a, C. elegans genome database, 836 amino acids, amino acids 665–820 shown; F52E1.13b 536 amino acids, amino acids 363–518
shown), S. pombe (EMBL, SPAC8C9; 188 amino acids, amino acids 14–161 shown), and S. cerevisiae (YPL196w, PIR, S65215; 273 amino
acids, amino acids 75–257 shown).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
d
c
t
l
t
t
L
m
a
t
e
L
m
s
o
L
s
d
a
a
e
1
g
t
w
v
m
b
a
t
c
a
d
m
l
a
i
123The 82F Late Puff Genedevelopment, apart from the upregulation at the wpp stage
described above. L82B and F show a more dynamic expres-
sion pattern. They are undetectable during embryogenesis,
expressed at low levels during larval life, peak with moder-
ate expression levels during the first day of pupal develop-
ment, and decline to undetectable levels again by the last
day of pupal development. L82C is expressed at constant
levels throughout the life cycle, except for early embryo-
genesis; so too are L82D, E, and G. The increases in L82A,
B, and F levels which occur during the first day of pupal
evelopment correlate with the prepupae/early pupae in-
rease in ecdysone titer (120- to 144-h lane) suggesting that
hese transcripts are ecdysone responsive.
L82 mRNAs are also expressed in adults, and the high
evels of L82A, C, and F present in adult females suggest
hat these L82 isoforms may be involved in oogenesis or
hat they are maternally contributed to the egg. In fact, the
82A and C mRNAs present in 0- to 2-h embryos must be
aternally deposited because their primary transcript sizes
re too large to be zygotically transcribed during the short
ime between the synchronous cell divisions of the early
mbryo (Shermoen and O’Farrell, 1991). The high level of
82F present in males suggests that this isoform may have
ale-specific functions.
Although there is a correlation between the expression of
FIG. 5. Developmental expression of L82 mRNAs. Northern
nalysis of L82 mRNA was performed on total RNA isolated from
he indicated developmental stages using an L82 common region
DNA probe. The six L82 mRNAs are indicated at the right by
rrows. The 2.4-, 2.0-, and 1.8-kb mRNAs are difficult to visualize
ue to their comigration with ribosomal RNA. Hours of develop-
ent are at 25°C. Abbreviations: E, embryogenesis; L1, first instar
arvae; L2, second instar larvae; L3, third instar larvae; P, prepupae
nd pupae; A, adult. A control hybridization of this blot with rp49
s shown at the bottom.ome L82 mRNAs and the increase in ecdysone titer at the
nset of metamorphosis, the majority of the transcription of i
Copyright © 1999 by Academic Press. All right82 mRNAs appears not to be under ecdysone control. This
uggests that L82 function may be involved in a variety
evelopmental processes from embryogenesis through to
dulthood. While some of these developmental processes
re likely to be ecdysone dependent many may well be
cdysone independent.
L82 Is an Essential Gene
We examined a number of chromosomal abberations in
the 82F region (generously provided by A. Carpenter) with
the goal of identifying L82 mutations. By using a set of
deficiencies, the 82F puff was cytologically localized to
82F3-8 and within this region three lethal complementa-
tion groups were defined (82Fc, 82Fd, and 82Fe; Carpenter,
999). To determine if any of these complementation
roups correspond to the L82 gene, rescue of a representa-
ive lethal allele of each of these complementation groups
as attempted using a chromosome, Df(3R)3-4, HS L82A,
containing a deletion of the 82F region and a P-element
construct in which the L82A mRNA is under the control of
a heat-inducible promoter. Rescue to adulthood was ob-
tained for the 82Fd1 allele, but there was no effect on the
iability of alleles representing 82Fc or 82Fe. All six alleles
in the 82Fd complementation group were subsequently
tested and found to show significant HS L82A-dependent
rescue (Table 1). From these results, we conclude that the
82Fd complementation group corresponds to the L82 gene.
We note that even though L82A was being ectopically
expressed to levels .203 that seen in vivo (data not shown)
every 12 h throughout postembryonic development, no
toxicity, or other readily observable behavioral or morpho-
logical phenotypes were observed. An example of the ter-
minal eclosion-lethal phenotype of the 82Fd complementa-
tion group is shown in Fig. 6.
To identify the molecular lesions associated with the
82Fd alleles we performed Southern blots with DNA iso-
lated from partially eclosed adult animals of each allele over
a deletion. Using genomic DNA spanning the entire L82
gene, we identified RFLPs in all six 82Fd alleles (Fig. 2,
bottom). A correlation was observed between the genomic
location of these RFLPs and the genetic strength of the 82Fd
alleles. For example, the strongest alleles, 82Fd1 and 82Fd2,
show RFLPs in restriction fragments containing sequences
common to all L82 transcripts. In contrast, the weakest
alleles, 82Fd8 and 82Fd5, show RFLPs in restriction frag-
ents containing sequences common to only the L82A or
oth the L82A- and the L82B-encoding transcripts, respec-
tively.
To determine if L82 mRNA expression was altered in the
82Fd mutant alleles, Northern analysis was performed on
RNA isolated on the first day of pupal development from
each allele in heterozygous combination with Df(3R)3-4.
Each 82Fd allele shows an alteration in pupal mRNA
expression that is consistent with the genetic strength
classifications (Fig. 7). The most severely affected is 82Fd1,
n which no L82 transcripts are detected, suggesting that
s of reproduction in any form reserved.
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124 Stowers, Russell, and Garzathis is a null allele of the L82 gene. Although 82Fd2
expresses all L82 mRNAs at wild-type levels, there is a
slight decrease in the molecular weight of each transcript.
This is consistent with the Southern blot data, which
indicate a DNA rearrangement within the common exons.
Both of these alleles show a similar, lengthy, developmental
TABLE 1
Rescue of the 82Fd Complementation Group with HSL82A, a Tra
82Fd1 82
No heat shock Df(3R)3-4 0 (179) 0
Df(3R)3-4, HSL82A 2 (264) 0
Heat shock Df(3R)3-4 0 (209) 0
Df(3R)3-4, HSL82A 86 (327) 68
Note. Each allele of 82Fd/TM3 was crossed to Df(3R)3-4/TM3 or D
12 h throughout postembryonic development (heat shock) or mainta
animals rescued to adulthood (82Fdn/Df(3R)3-4) was recognized by
chromosome. The total number of progeny screened for each crossFIG. 6. Terminal phenotype of the 82Fd mutant complementation gro
ings sticking to the inside of the pupal case indicated by the arrow.
Copyright © 1999 by Academic Press. All rightelay. Since the Southern blot analysis indicates that they
re disrupted in the exons common to all identified L82
soforms they most likely eliminate all L82 function. The
emainder of the alleles show loss or alteration of specific
ranscripts, in accordance with the mapping of their break-
oints and the reduced phenotypic severity. For example,
e Containing a Heat-Inducible L82A cDNA
ber of 82Fdn/Df(3R)3-4 progeny (total screened)
82Fd4 82Fd5 82Fd7 82Fd8
0 (80) 8 (331) 0 (251) 0 (296)
20 (336) 33 (112) 9 (214) 35 (124)
0 (268) 0 (288) 0 (306) 0 (213)
120 (420) 125 (355) 116 (318) 182 (392)
3-4 HSL82A/TM3 and subjected to 30-min, 37°C heat shocks every
at 25°C (no heat shock). The number of transheterozygous mutant
absence of the dominant marker Sb present on the TM3 balancer
iven in parentheses.nsgen
Num
Fd2
(251)
(413)
(211)
(248)
(3R)
inedup. The animal shown is of genotype 82Fd5/Df(3R)3-4. Note the
s of reproduction in any form reserved.
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125The 82F Late Puff Genethe 82Fd8 RFLP only affects L82A encoding sequences and
is one of the phenotypically weakest alleles.
82Fd mutants die as partially eclosed mature adults
(Fig. 6), apparently because the distal tips of their wings
adhere to the inside of the pupal case and prevent them
from eclosing. Morphologically, 82Fd mutant animals
appear to have no significant external abnormalities
other than the wings which appear to be arrested at the
pharate adult stage. In fact, mutant animals dissected out
of their pupal cases remain alive and active for several
weeks when placed in fresh vials. In addition to the
eclosion defect, 82Fd mutants are developmentally de-
layed, and although each of the six 82Fd alleles shows a
similar lethal phenotype, they can be ranked on the basis
of the length of their developmental delay to eclosion.
For example, 82Fd5 and 82Fd8 are delayed for 1–2 days
ompared to wild type, whereas 82Fd1 and 82Fd2 are
elayed for 10 –15 days. Based on the length of the
evelopmental delay, we establish a rank order of the
enetic strength of these alleles as follows: 82Fd1 ; 82Fd2
. 82Fd4 . 82Fd7 . 82Fd5 ; 82Fd8. This developmental
elay appears to be distributed approximately evenly over
arval and pupal development (data not shown), consis-
FIG. 7. L82 mRNA expression is altered in the 82Fd complemen-
ation group. Northern blot of total RNA from first day pupal
nimals heterozygous for Df(3R)3-4 and the indicated 82Fd chro-
osomes using L82 common region cDNA sequences as a probe. A
ontrol cohybridization of this blot with rp49 is shown at the
ottom.ent with the broad developmental expression of L82
Fig. 5).
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Cloning the L82 Gene
Previous studies of the metamorphic ecdysone re-
sponse in Drosophila have focused primarily on the genes
at the top of the ecdysone regulatory hierarchy. Molecu-
lar and genetic analysis of the genes corresponding to
early and early–late puffs has provided a wealth of infor-
mation concerning the genetic control of gene expression
and has confirmed and extended the hierarchical model
(reviewed in Russell and Ashburner, 1996). In contrast,
although late puffs form the largest and most heteroge-
neous class of ecdysone-regulated puffs, none of the genes
corresponding to the well-characterized late–late puffs at
cytological positions 22C, 63E, and 82F have been previ-
ously cloned and characterized. We have recently ex-
tended the “puff cloning” approach to two of these
late–late puffs at cytological positions 63E and 82F and
report here a molecular and genetic characterization of
the 82F puff. We have shown that the 82F puff contains
the L82 gene (late gene at 82), a large and complex gene
that generates at least seven different nested mRNAs,
each of which is predicted to encode a different protein
isoform of a novel gene family. We have identified a
lethal complementation group corresponding to the L82
gene and find that loss of L82 function leads to severe
developmental delay and lethality at eclosion. We discuss
the implications of these results and the prospects for
future study.
The L82 Gene Is Responsible for the 82F Late–Late
Puff
Several lines of evidence are consistent with the conclu-
sion that L82 is the gene corresponding to the 82F puff: (1)
the L82 transcription unit is located within cloned DNA
which spans the cytogenetic location of the 82F puff; (2)
several L82 mRNAs have developmental profiles which
correlate with the induction of the 82F puff; (3) the L82
transcription unit is large and complex, a characteristic
which has been observed for numerous other genes which
correspond to large puffs, including E74 (Burtis et al., 1990),
E75 (Segraves and Hogness, 1990), BR-C (DiBello et al.,
1991), E78 (Stone and Thummel, 1993; Russell et al., 1996),
E63 (Andres and Thummel, 1995), Ftz-F1 (Lavorgna et al.,
1993), and L63 (Stowers et al., manuscript in preparation).
Taken together with the finding that mutations which
eliminate L82 expression do not exhibit a puff at 82F
(Carpenter, 1999) and in vitro experiments with cultured
salivary glands that indicate L82 is ecdysone regulated (B.
Ring and D. Garza, unpublished results), the above data
indicate that L82 is the transcription unit associated with
the 82F puff.
s of reproduction in any form reserved.
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126 Stowers, Russell, and GarzaEcdysone Regulation of L82 Transcription and the
82F Puff
Late–late puffs were originally classified on the basis of
their temporal pattern of activity in response to ecdysone
(Ashburner, 1967). In the experimental analysis of puffing
in vitro, the 82F puff was not induced by hormone in the
resence of inhibitors of protein synthesis (Ashburner,
974), suggesting that puff induction is a secondary hor-
one response requiring the activity of one or more of the
arly gene products. Moreover, premature withdrawal of
cdysone from the culture medium leads to premature
nduction of the late–late puffs, including 82F, consistent
ith negative regulation by the ecdysone receptor complex
Ashburner, 1974). These puffing results stand in contrast to
he broad expression pattern observed for L82 transcription
nd may reflect tissue-specific differences in transcriptional
egulation, with ecdysone-dependent transcription in one
r more target tissues (including the salivary gland) and
cdysone-independent transcription in other tissues. Alter-
atively, ecdysone-independent transcription might occur
n the salivary gland but not lead to the formation of a
isible puff; this hypothesis is supported by a growing body
f experimental evidence showing that transcription of puff
enes can occur in the absence of detectable puffing (Crosby
nd Meyerowitz, 1986; Karim and Thummel, 1991; Huet et
l., 1993, 1995). These results reinforce an idea consistent
ith our own results, namely, that transcriptional regula-
ion of puff genes is more complex than indicated by
xperimental observation of puffing and that direct analysis
f transcription is necessary for understanding the complex
ranscriptional regulation within the ecdysone regulatory
ierarchy.
Consistent with the complex regulation of late–late puffs
rst proposed in the Ashburner model are cytogenetic
esults demonstrating that EcR, E74, and E75 all bind to the
2F region on polytene chromosomes (Yao et al., 1993;
albot, 1993; Hill et al., 1993; Urness and Thummel, 1990;
. Watanabe, personal communication) and genetic results
emonstrating that EcR, E74, and E78 gene functions regu-
ate 82F puffing (Bender et al., 1997; Walker and Ashburner,
981; Fletcher et al., 1995; Russell et al., 1996). With the
dentification of the late genes L82 and L63, corresponding
to the classic late–late puffs at 82F and 63E, a direct
comparison of the transcriptional and puffing responses of
these genes under a variety of experimental conditions will
be possible. Small genomic regions required for puffing have
already been localized in both L82 (the RFLP identified in
82Fd4) and L63 (Stowers et al., manuscript in preparation),
o that the regulatory sequences mediating the ecdysone
nd protein synthesis-dependent components of the late–
ate puff response should be readily identifiable. By deter-
ining which trans-acting factors act through these cis-
egulatory sequences it should be possible to dissect the
echanisms of ecdysone-mediated repression and early
ene-mediated activation of late puffs, as well as the rela-
Copyright © 1999 by Academic Press. All rightionship between the observed puffing and the underlying
ranscriptional status of the gene(s).
L82 Transcriptional Regulation Has Both
Ecdysone-Dependent and Ecdysone-Independent
Features
A conspicuous difference between L82 and most other
previously characterized puff genes is the degree to which
transcription is positively correlated with ecdysone titers
during development. The transcription units contained
within the four early puffs that have been analyzed show
developmental expression patterns that strongly coincide
with ecdysone titers during development (Burtis et al.,
1990; Andres and Thummel, 1993). Similarly, expression of
most of the previously characterized genes corresponding to
the intermolt and late puffs also displays temporal specific-
ity that is often explained in terms of either positive or
negative regulation by ecdysone and by regulatory genes in
the ecdysone hierarchy (Andres and Thummel, 1994; von
Kalm et al., 1994; Fletcher and Thummel, 1995). Often
implicit in such explanations is the idea that ecdysone
regulation is the primary determinant of gene expression
and that these genes are specialized to function primarily, if
not exclusively, as ecdysone response genes. While the
increased abundance of some L82 transcripts correlates
ith the increase in ecdysone titer observed at the onset of
etamorphosis, L82 transcripts are present throughout
evelopment, indicating that L82 transcription can occur in
he absence of both ecdysone and the products of the early
enes whose transcription is induced by ecdysone, and thus
t has both ecdysone-dependent and ecdysone-independent
omponents. Broad developmental expression is also seen
or the L63 gene, suggesting that this expression pattern
ay be the norm for genes contained within late–late puffs
nd may reflect tissue-specific differences in ecdysone regu-
ation of these complex transcription units (Stowers et al.,
anuscript in preparation).
82F Puff Activity and Temporal Requirements of
L82 Expression
The 82F puff is active for a 2-h period during pupariation
and this activity is tightly controlled by the antagonistic
actions of ecdysone and protein synthesis-dependent early
puff activity. While differing from L82 in the exact time of
their activity, most other puffs show similar tightly con-
trolled narrow windows of temporal expression (Ashburner,
1989). From these observations it might be inferred that
metamorphosis requires a precisely orchestrated symphony
of gene expression. Differences in ecdysone dose response/
sensitivity contribute to the observed developmental ex-
pression pattern observed for the E74 early gene, and it has
been proposed that the rising ecdysone titer at the end of
the third instar acts as a transcriptional “timer,” first
activating transcription of E74B and some hours later
activating transcription of E74A (Karim and Thummel,
1991).
s of reproduction in any form reserved.
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served for L82 during development suggests that the narrow
window of activity of the 82F puff is not associated with a
precise requirement for the timing of L82 expression. The
results of experiments involving both under- and overex-
pression of L82 support this idea. In animals that show
reduced or absent L82 mRNA expression levels, there is no
correlation between the activity of the 82F puff and the
timing of the developmental delay. Rather, L82 appears to
be utilized either throughout development, as judged from
the approximately evenly spread developmental delay ob-
served in L82 mutants. When L82A is repeatedly overex-
pressed to high levels during development at times when
the 82F puff is not active, as in the mutant rescue experi-
ments, no toxicity or other readily observable behavioral or
morphological phenotypes were observed, suggesting that
expression of L82 at times other than when the 82F puff is
active is not detrimental. These results make enigmatic the
precise temporal control of the activity of the 82F puff by
the antagonistic actions of ecdysone and the protein prod-
ucts of the early gene.
L82 Functional Domains
Sequence analysis of the L82 proteins reveals two con-
served domains in the predicted protein isoforms, a short
prokaryotic homology region found in the L82A and L82B
isoforms and a longer eukaryotic homology region found in
all L82 isoforms. The former region is believed to play a role
in facilitating invasion of eukaryotic cells by bacteria by
adhering to proteins on the surfaces of eukaryotic cells.
While we do not know whether this region plays a similar
role in adhesion or cell invasion in Drosophila, one possi-
bility is that the domain may have been conserved simply
as a protein–protein interaction domain and its biological
role in L82 may differ substantially from the biological role
it plays in prokaryotes.
The latter domain, which is found in all seven L82
protein isoforms, shows homology to proteins in species as
evolutionarily divergent as budding yeast, fission yeast, and
nematodes and is therefore likely to be a functional domain
in the protein. The extensive sequence similarity through-
out the length of the C. elegans gene F52E1.13 and L82A
suggests that they are true homologs. The existence of the
shorter F52E1.13b protein, which shows homology to only
the common region of L82, supports this assertion since it
appears to be a conserved splicing variant related to the
L82D-G proteins. Each of the predicted proteins showing
homology to L82 core was identified through genome
sequencing projects and there is currently no information
concerning the function of this domain. The L82 mutations
described here provide the first mutations in this gene
family and the molecular analysis of L82 phenotypes may
suggest conserved functions.
Copyright © 1999 by Academic Press. All rightThe L82 Gene Exhibits both Functional Specificity
and Functional Redundancy
Overexpression of the L82A protein isoform rescues both
the developmental delay and the eclosion lethality associ-
ated with L82 mutations, including the putative null mu-
tations 82Fd1 and 82Fd2. This demonstrates that none of
he other L82 protein isoforms has a unique, essential
unction that cannot be provided by overexpression of the
82A isoform.
Conversely, the lethality of the 82Fd8 mutation suggests
that proper expression of the L82A isoform is required for
viability. Since all of the available L82 mutations are
hromosomal rearrangements, the L82A mRNA specifi-
ally affected in 82Fd8 is likely affected in each of the other
utations as well, raising the possibility that the isoform
ncoded by this transcript, and containing the amino-
erminal domain related to bacterial adhesion proteins, is
he only isoform required for viability. However, we cannot
liminate the possibility that the 82Fd8 mutation also
isrupts regulatory sequences which are required for some
spect of temporal or tissue-specific expression not revealed
y our whole animal analysis. Finally, although we have
arried out extensive screening to identify different tran-
cripts, we cannot exclude the possibility that other tran-
cripts expressed at a particular developmental periods or in
subset of tissues eluded identification and that loss of
hese transcripts contributes to the lethality of the 82Fd8
mutant.
In contrast to the lethality, which may be best explained
as the loss of a particular isoform, the developmental delay
phenotype exhibits additivity. The L82 mutations form an
allelic series in which the length of the developmental
delay is proportional to the number of isoforms eliminated
by each mutation. The 82Fd8 mutation, which only affects
L82A, exhibits a slight developmental delay, while the
82Fd1 and 82Fd2 putative null mutations double the devel-
opmental time. These results identify an L82 function,
required for proper developmental rates, that can be pro-
vided additively by different isoforms. Intragenic functional
redundancy such as shown here is becoming more and more
commonplace among genes in the ecdysone genetic regula-
tory hierarchy, and examples include the rescue of isoform-
specific mutations by overexpression of other isoforms for
mutations in EcR (Bender et al., 1997) and the Broad-
Complex (Bayer et al., 1997) as well as redundancy revealed
by the genetic and developmental analysis of form-specific
mutations in E74 and E75 (Fletcher and Thummel, 1995; I.
Johnson and D. Garza, unpublished observations).
Given the observed broad developmental expression of
L82, the developmental delay phenotype may in fact iden-
tify the major genetic function of L82, rather than the
lethality, which is not truly due to an inability to form a
normal fly, but rather the inability of a more-or-less normal
fly to extricate itself from the pupal case. In this view, L82
gene function is required to facilitate development and is
required for timely developmental progression. In the ab-
s of reproduction in any form reserved.
B128 Stowers, Russell, and Garzasence of this function, developmental rate slows, although
the necessary developmental progression does eventually
occur. It will be interesting to determine whether the
developmental delay is nonspecific and due to the loss of
some general biochemical or cellular function required for
larval growth or occurs at distinct developmental times
(such as the larval molts). Perhaps L82 will provide an
example of a true “effector” molecule—a developmental
enzyme required for the rapid execution of developmental
processes. If this is the case, we can explain the intragenic
functional redundancy and the activation of L82 transcrip-
tion at metamorphosis in terms of increasing developmen-
tal rates by increasing the expression of L82 isoforms.
Our molecular and genetic characterization of the 82F
puff, and its corresponding gene L82, expands the opportu-
nities for understanding the metamorphic ecdysone re-
sponse in Drosophila. In particular, in-depth phenotypic
analysis of mutations corresponding to L82 (the first late
gene shown to be mutable to a lethal phenotype) will help
identify ecdysone-regulated developmental processes car-
ried out by downstream genes as well as the specific role of
L82 in their execution. Of equal importance, just as the 82F
puff served as a model late–late puff in defining the complex
regulatory phenomena in the classical puffing studies, the
L82 gene will serve as a model late–late gene for elucidating
the molecular mechanisms that underly those phenomena.
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